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Narrow row corn production has gained interest in the Mid-South region over the last 
several years.  This narrow row spacing interest has been inspired by increase of soybean grain 
yield from narrow rows.  Therefore, production practices were evaluated for proper management 
of narrow row corn production.  Additionally, the management of glyphosate- and potentially 
auxin-resistant weeds place pressure on other POST chemistries.  Therefore, optimizing 
glufosinate applications are essential for control of Palmer amaranth.  The objectives of this 
research were four-fold: 1) evaluate the phenotypic and grain yield responses of narrow row corn 
production under irrigated conditions, 2) test corn hybrids for their response to increased plant 
population in a narrow row configuration in rainfed environments, 3) assess sidedress nitrogen 
fertilizer practices in narrow row corn production systems, and 4) further investigate glufosinate 
management for POST control of Palmer amaranth.  The results of this research suggest few 
phenotypic changes by utilizing narrow rows in corn, but most importantly, a 0.7 Mg ha-1 
increase in grain yield across all plant populations.  Agronomic optimum plant populations for 
both irrigated and non-irrigated environments ranged from 101-120 thousand plants ha-1 with 
hybrids varying in their response to increased plant population.  Additionally, sidedress nitrogen 
 
 
application methods of knife-in UAN vs. broadcasting treated urea responded similarly with 
respect to grain yield.  Agronomic and economic optimum nitrogen rate would vary significantly 
by site.  Regarding glufosinate management, smaller droplet sizes provided the greatest control 
of Palmer amaranth.  In conclusion, these data suggest that narrow row corn production is a 
viable strategy to increase corn grain yield and seeding rates should be adjusted dependent on the 
corn hybrid of choice.  Also, controlling Palmer amaranth in Dundee, MS with glufosinate was 
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EVALUATION OF NARROW ROW CORN (ZEA MAYS L.) PRODUCTION 
 IN THE MID-SOUTH U.S. 
Abstract 
 Mid-South corn producers continuously search for ways to increase grain yield and 
ultimately net returns.  In this region, growers typically plant on 96-cm beds to facilitate drainage 
of excess rainfall and irrigation but are concerned about wide row widths causing intra-row stress 
as plant populations steadily increase.  The objective of this research was to determine the effect 
of row spacing and plant population on above ground phenology and grain yield.  The 
experiment assessed two row widths (48 and 96 cm) and sub-plots that contained five plant 
populations (61,775; 86,485; 111,195; 135,905; and 160,615 plants ha-1).  This study took place 
across six site-years; in 2017, Starkville and Verona, MS, 2018, two in Starkville, MS, and in 
2019, Starkville and Tchula, MS.  Pooled over all site-years and plant populations, narrow rows 
increased grain yield by 0.69 Mg ha-1 (p < 0.01), stalk diameter by 4% (p < 0.01), and kernels 
per row by two kernels (p < 0.01).  Pooled over row spacing, plant height, soil plant analysis 
development value, stalk diameter, kernels rows, kernels per row, and hundred-kernel weight all 
decreased as plant population increased except for ear height and leaf area index, which was 
inverse.  Agronomic optimum plant populations ranged from 104 to 109 thousand ha-1, while the 
economic optimum plant population, dependent on seed price and selling price ranged from 97 to 
 
2 
120 thousand ha-1.  In conclusion, increased plant-to-plant spacing from planting in a narrow row 
configuration increased grain yield. 
Introduction 
 The standard row spacing for corn in Mississippi is 96 or 101 cm primarily because of the 
prevalence of cotton production in the region.  Cotton (Gossypium hirsutum) requires wide rows 
to facilitate air flow within the canopy, thereby minimizing diseases   Most cotton and corn 
production in Mississippi are on a wide-rows (96 cm) (Bruns et al., 2012) as most growers in the 
region are part of both crop enterprises to diversify their production systems.  This wide-row 
production system decreases within-row plant spacing in corn, which may increase stress due to 
crowding and inter-row plant competition (Boomsma et al., 2009).  To reduce inter-row 
competition, researchers have evaluated narrower row spacing to alleviate plant crowding.  This 
interest has been inspired by the increase of soybean (Glycine max L. Merr.) grain yield in 
narrow rows (19- or 38-cm) compared to wider rows (76 cm or greater) (Bertram and Pedersen, 
2004; Costa et al., 1980; Harder et al., 2007; Lueschen et al., 1992; Pedersen and Lauer, 2003). 
 Corn research in the Mid-South region have only evaluated 76 cm and 96 cm rows in 
either a single or twin row configuration.  Bruns et al. (2012) reported an interaction between 
year and row spacing.  Year one of the two year study found that 96 cm twin-rows increased 
grain yield at their greater plant populations, while year two found no differences in row spacing.  
Therefore, corn grain yield response to plant configuration was inconsistent and year dependent.  
Also in Mississippi, Poulsen et al. (2018) reported that decreasing row width from 96 cm to 76 
cm increased corn grain yield by 8% but found no difference in single or twin row on 96 cm 
spacing.  Karlen et al. (1987) found that reducing row spacing from 90 cm to 76 cm increased 
grain yield by 5-10% in South Carolina.  Most of the studies investigating the effects of narrow 
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rows are concentrated in the Midwest.  Several studies in the Midwest have reported a yield 
advantage by reducing row spacing from 76 cm rows to less than 76 cm rows (Nielsen, 1988; 
Porter et al., 1997; Widdicombe and Thelen, 2002; Shapiro and Wortmann, 2006), while others 
have reported no yield differences (Farnham, 2001; Van Roekel and Coulter, 2012; Robles et al., 
2012).  Grain yield responses to narrower rows have been inconsistent but are often more 
consistently observed in high-yielding environments (Licht et al., 2019).   
 Seeding rates have steadily increased over the last 30 years.  It then follows to question, 
at what point might inter-row competition on wide-rows limit corn grain yield?  According to a 
survey from Pioneer, growers in the U.S. and Canada have increased seeding rates by 700 seed 
ha-1 year-1 over the last 30 years (Butzen, 2016).  A vast majority of corn research seeks to 
determine the agronomic optimum plant population (AOPP).  According to Hodges and Evans 
(1990) and Thompson et al. (2013), intra-row spacing, competition for water, light, nutrients, and 
growing conditions determine the optimum plant population for each environment.  Typically, 
grain yields in the Midwest on 76 cm rows are maximized at 81,543 to 108,724 plants ha-1 (Van 
Roekel and Coulter, 2012; Robles et al., 2012; Farnham, 2001; Widdicombe and Thelen, 2002), 
but in the Mid-South, growers are advised to plant 59,304 to 84,014 plants ha-1 because of the 
likelihood of heat and mid-season drought potential (Larson, 2012). 
 Very little research from the Midwest has documented an interaction between row 
spacing and plant populations, suggesting that plant populations should be managed uniquely for 
each row spacing.  Coulter and Shanahan (2012) reported an interaction between row spacing 
(56 and 76 cm rows) and plant population suggesting that populations above 95,133 plants ha-1 
performed 5% greater on 56 cm rows.  Also, Haegele et al. (2014) reported that 76 cm twin rows 
increased grain yield compared to single rows at populations greater than 111,195 plants ha-1.     
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 To date, there has not been a direct comparison of 96 cm rows and less than 76 cm rows 
on grain yield in Mississippi as most narrow-row research has been concentrated in the upper 
Midwest U.S. region.  Therefore, the objective of this research was to determine the effect of row 
spacing and plant population on above ground phenology and grain yield. 
Materials and Methods 
 Research was conducted in Starkville from 2017-2019, Tchula in 2019, and Verona, MS 
in 2018, for a total of six site-years.  Soil samples were collected, in the spring, at each location 
and were analyzed each year for phosphorus (P) and potassium (K) fertility requirements at a 
yield goal of 12.5 Mg ha-1.  Fertilizer was applied in the spring before planting in a dry fertilizer 
form using concentrated superphosphate (0-46-0) and muriate of potash (0-0-60) using the 
standard Mississippi State University recommendation.  Fertilizer N was applied at a rate of 336 
kg N ha-1 using a split application method. One hundred twelve kg N ha-1 were applied using 
urea sulfate (33-0-0) as preplant incorporated and 224 kg N ha-1 of urea (46-0-0) as a simulated 
aerial application at the V6 growth stage.  Urea sulfate was included to provide sulfur 
requirements for a yield goal of 12.5 Mg ha-1. 
 The experimental design was a randomized complete block with treatments arranged in a 
split-plot design with four replications.  Row spacing was assigned as the main plot treatment 
using 48 and 96 cm rows.  Plant population was assigned as the sub-plot treatment that ranged 
from 61,775 to 160,615 seed ha-1 with four increments of 24,710 seed ha-1 and was randomized 
within each row spacing.  Bed preparation for the study began with a flat seedbed.  A Perkins 
Furrow Runner (Perkins Sales Inc., Bernie, MO) was pulled through the field to create 26 cm 
wide furrows 15 cm deep, ultimately, creating 70 cm beds.  A Wil-Rich (Wild-Rich, Wahpeton, 
ND) seedbed finisher was then pulled to create a smooth, slightly raised bed.  Experimental units 
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were 3.9 m wide by 9.1 m long and were planted in slight excess at 5.7 cm deep with either a 
John Deere 7100 (John Deere, Moline, IL, USA) or Monosem NG Plus 4 (Monosem, Largeasse, 
France) planter and thinned down to the desired plant population at the V2 (two-leaf) growth 
stage.  For all site-years, DKC 70-27 VT2P Disease ShieldTM (120 d RM) (DEKALB Bayer, St. 
Louis, MO), one of the most frequently hybrids by producers in this region, was planted within 
the recommended corn-planting window (Table 1.1).  Testing locations were considered as high-
yielding environments past yield history of < 14.4 Mg ha-1 grown in an irrigated setting with 
applications triggered at -90 kPa utilizing Watermark 200SS tensiometers (Irrometer, Riverside, 
CA).    
 Many phenotypic measurements were recorded throughout the growing season to 
quantify possible differences because of row spacing and plant population.  Five traits were 
measured and recorded at the R2 growth stage (plant height, ear height, stalk diameter, soil plant 
analysis development value (SPAD), and leaf area index (LAI), all containing five observations 
from each plot.  Plant heights were measured from the soil surface and up to the tip of the tassel.  
Ear heights were obtained by measuring the distance from the soil surface and up to the base of 
the ear.  Stalk diameter was determined with digital calipers (General Tools & Instruments LLC, 
Secaucus, NJ) by placing the calipers around the base of five consecutive plants just above the 
newest formed brace roots approximately 7 cm above the soil surface.  A SPAD 502 chlorophyll 
meter (Konica-Minolta, Japan) was used to measure leaf absorbance in the red and near-infrared 
electromagnetic regions.  The instrument has been used to approximate accurate in predicting 
chlorophyll and N levels in rice rice (Oryza sativa) (Takebe and Yoneyama, 1990), corn (Zea 
mays) (Wood et al., 1992), and wheat (Triticum sativum) (Follett et al., 1992).  Readings were 
recorded from five ear leaves and means per plot were generated.  Leaf area index (LAI) was 
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determined between 1000 and 1400 hours using an AccuPAR model LP-80 PAR/LAI 
Ceptometer (METER Group, Inc., Pullman, WA).  To determine LAI, each value required a 
measurement taken above the canopy, or in an alley, and required two measurements below the 
canopy at 45- and 315-degree angles centered on the middle two rows of the plot (Operator’s 
Manual, Decagon Devices, Inc).   
 Kernels rows, kernels per row, and lodging were recorded prior to harvest.  Five 
consecutive ears were sampled from harvest rows in the middle of the plot and were measured 
for the number of kernel rows and kernels per row.  Root lodging was recorded as a percentage 
of the plot that had root lodged from the center rows.  Plots were mechanically harvested from 
the center rows (4 rows for 48 cm rows and 2 rows for 96 cm rows) to determine grain yield that 
was moisture adjusted to 155 g kg-1.  Net return was determined by a grain yield sold at a price 
ranging from $100-$200 tonne-1 and seed prices from $150-$300 80,000 seed unit-1. 
 Data were analyzed using analysis of variance (ANOVA) in SAS v9.4 (SAS Institute 
Inc., Cary, NC) using a general linear model.  Means were separated using Fisher’s protected 
LSD at the 0.05 level of significance.  Fixed effects consisted of site-year, row spacing, and plant 
population while replication was considered a random effect.  Regression analysis was 
conducted in R (RStudio, PBC, Boston, MA) using the easynls (Arnhold, 2017) and ggplot2 
(Wickham, 2016) packages for data visualization. 
Results and Discussion 
Mid-Season Phenology 
 Phenotypic traits such as plant and ear height were both affected independently by plant 
population but not row spacing.  Plant height (p = .0005; Table 1.2) was reduced linearly as 
population increased but ear height (p < .0001; Table 1.2) increased linearly as population 
 
7 
increased (Table 1.3).  Plant height results were similar to other studies that also reported 
decreases in plant height at the greatest plant populations (Stinson & Moss, 1960; Tetio-Kagho 
& Gardner, 1988).  Ear height increasing is a concern because it could increase stalk and root 
lodging in susceptible hybrids, especially at greater plant populations with corresponding stalk 
diameter reductions (Tetio-Kagho & Gardner, 1988).  There have been efforts to reduce ear 
height (Konsler and Grabau, 1989).  Applications of ethephon (2‐chloroethyl phosphonic acid), 
which is typically applied as a hormonal cotton defoliant and boll opener, was applied from the 
V10 to V13 growth stages had been reported to reduce ear height while not significantly 
reducing grain yield. 
 Stalk diameters were larger on narrow rows and lesser plant populations due to increased 
plant-to-plant spacing within the planted row (Table 1.3).  Narrow row spacing, pooled over site-
year and plant population, increased stalk diameter by 4% (p = .0009; Table 1.2).  Similar results 
were reported as Bernhard and Below (2020) observed a 5% increase in stalk diameter by 
reducing row spacing from 76 to 51 cm.  Stalk diameter, as affected by plant population, pooled 
over site-year and row spacing, decreased in a negative quadratic trend as plant population 
increased (p < .0001; Table 1.2).  Similar studies reported that increasing plant population 
reduced stalk diameter (Bernhard and Below, 2020; Stinson and Moss, 1960; Tetio-Kagho and 
Gardner, 1988; Mackey et al. (2016), but these studies reported negative linear trends.  
 The SPAD value, which is a good indicator N status in the plant (Wood et al., 2003), 
declined as plant population increased (p < .0001; Table 1.2 and 1.3) but were unaffected by row 
spacing (p = .5389; Table 1.2).  These results support the findings of Nelson et al. (2015) as there 
were no differences between 38- and 76-cm rows but greater populations produced lesser SPAD 
values.  Lesser plant populations have greater SPAD values because of greater N uptake plant-1 
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(Nelson et al., 2015).  Many studies have indicated that the optimal SPAD values for maximum 
grain yield may range from 50-60 (Frank et al., 2013; Hawkins et al., 2007; Woli et al., 2016), 
while in our study, optimal SPAD values for maximum grain yield ranged from 50-55. 
 Although plants were slightly shorter at greater plant populations, LAI significantly 
increased as plant population increased (p < .0001; Table 1.2 and 1.3).  Optimum LAI for 
maximum grain yield varied across site-year but ranged from 5.8-8.2 and is similar to most 
research that reports that an LAI range of 5-7 for optimal grain yield (Sun et al., 2018; Van 
Roekel and Coulter, 2012).  However, pooled over all site-years, reducing row spacing to 48 cm 
rows did not significantly increase LAI (p = .1364; Table 1.2).  These data are support Van 
Roekel and Coulter (2012) but contradictory to others that suggests greater LAI as row spacing is 
reduced (Bernhard and Below, 2020; Chikoye et al., 2005).  Similarly, Van Roekel and Coulter 
(2012) and Maddonni et al. (2006) reported no consistent differences in LAI index and grain 
yield due to 51-cm rows compared to standard 76-cm rows.  Increases in LAI associated with 
narrower row widths have resulted in increased grain yield (Andrade et al., 2002; Bernhard and 
Below, 2020; Maddonni et al., 2006). 
 At Starkville-18’(a) root lodging was affected by an interaction between row spacing and 
plant population (p = .0053) (data not shown).  Quadratic models were fitted for each row 
spacing of 48-cm (R2 = .49) and 96-cm rows (R2 = .76) (Figure 1.1).  Using predicted values, 96 
cm rows began to root lodge more than 46-cm rows at a plant population of 97,000 plants ha-1 
and at the greatest plant populations, root lodged 25% more.  At Starkville-18’(b), root lodging 
was affected by plant population (p < .0001) but not row spacing (p = .2578), nor the interaction 
between the two factors (p = .1598).  Root lodging increased linearly as plant population 
increased ranging from 3% at 61,775 plants ha-1 to 70% at 160,615 plants ha-1 and for every 
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thousand plants ha-1, root lodging increased by 0.8% (R2 = .77; Figure 1.1).  Pooled over row 
spacing, a linear model was fitted to the data and stalk diameter explained 32% of the variation 
in root lodging (data not shown).  Greater plant populations (Bernhard and Below, 2020) and 
wider row spacing (Jiang et al., 2013) has been reported to reduce root biomass, which has the 
potential to increase root lodging.   
Yield Components and Grain Yield 
 Our hypothesis was that 48-cm rows would increase grain yield compared to 96-cm, 
especially at the higher plant populations.  Interestingly, none of the site-years ever resulted in an 
interaction between row spacing and plant population (p = .2791; Table 1.2), but, grain yield was 
affected by row spacing (p = .0124; Table 1.2) as 48-cm rows increased grain yield by 0.7 Mg 
ha-1.  The increase in grain yield can be attributed to the increased number of kernels per row as 
48-cm rows produced two more kernels (p < .0001; Table 1.2).  Therefore, greater plant-to-plant 
spacing reduced kernel abortion, while maintaining kernel weight.  Bernhard and Below (2020) 
reported similar results with an increase in grain yield by 0.8 Mg ha-1 through the reduction of 
row spacing from 76 cm to 51 cm.  While there were no changes in kernel weight due to row 
spacing (p = .0613; Table 1.2), Bernhard and Below (2020) reported similar findings and 
contributed the grain yield increase through increased kernel number with no changes in kernel 
weight.    
 Grain yield was affected by the interaction between site-year and plant population (p < 
.0001; Table 1.2).  Site-years were separated and regressed for their agronomic optimum plant 
population (AOPP) and plateau models were utilized as appropriate.  Four of the six site-years 
were fitted with plateau regression models while the other two site-years were best described 
using a quadratic model.  These two site-years as described by quadratic trends, Starkville-18’ 
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and Starkville-18’(b), experienced significant root lodging due to a pop up thunderstorm shortly 
after a furrow irrigation event and caused significant yield reductions at the greatest plant 
populations.  Starkville-18’(b) root lodging was much worse and caused a significant yield 
reduction beyond 104,115 thousand plants ha-1 (Table 1.4; Figure 1.2) while at Starkville-18’(a) 
was in the range of AOPP as the other site-years and maximized grain yield at 115,796 plants ha-
1 (Table 1.4; Figure 1.2).  This site-year experienced significant root lodging at plant populations 
greater than the AOPP.  The other four site-years that did not experience root lodging and 
maximized grain yield at 114,386 to 119,125 plants ha-1 (Table 1.4; Figure 1.2).  Granted, 
hybrids may have a unique response to plant population (Brown et al., 1970; Bruns and Abbas, 
2006; Mackey et al., 2016; Widdicombe and Thelen, 2002), even through the use of conservative 
plateau regression models, our results indicate slightly greater AOPP’s than the literature 
(Boomsma et al., 2009; Bruns et al., 2012; Farnham, 2001; Van Roekel and Coulter, 2012; 
Widdicombe and Thelen, 2002).  Pooled over all site-years, increasing plant population reduced 
kernel rows (p < .0001; Table 1.2), kernels per row (p < .0001; Table 1.2), and hundred-kernel 
weight (p = .0006; Table 1.2).  Kernel rows and hundred-kernel weights were reduced at 
populations greater than 111,195 ha-1, while kernels per row reduced with each incremental 
increase in plant population (Table 1.3). 
Conclusions 
 Our original hypothesis that 48-cm rows would increase grain yield, especially at greater 
plant populations was partially true.  Planting corn on 48-cm rows in Mississippi increased grain 
yield by 0.7 Mg ha-1 in highly managed, high-yielding environments (< 14.4 Mg ha-1).  Although 
the row spacing did not affect leaf area index, SPAD, or plant/ear height, reducing row spacing, 
which increased inter-row plant spacing, increased stalk diameter and produced two more 
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kernels per row but did not increase kernel rows.  Plant population affected all phenotypic 
characteristics and grain yield.  Increasing plant population reduced plant height, SPAD, kernel 
rows, kernels per row, and hundred-kernel weight, while ear height, leaf area index, and root 
lodging increased.  Agronomic optimum plant populations for site-years that did not experience 
root lodging ranged from 115-119 thousand plants ha-1, while root lodged site-years were 104 
and 115 thousand plants ha-1.  Economic optimum plant populations, when pooled over all site-
years ranged from 97-120 thousand plants ha-1 (Table 1.5).  Overall, this study suggests that 
planting corn in 48-cm rows, relative to 96-cm rows, increases grain yield and agronomic 
optimum plant populations ranged from 104-119 thousand plants ha-1.  This study suggests that 
the recommended plant populations do not change if a producer were to plant corn in a narrow 
row configuration because of the lack of interaction between row spacing and plant population.  
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Table 1.1 Planting dates, trial locations, and soil types from 2017 to 2019.  
Year Location Planting Date Soil Type 
2017 Starkville, MS 24-Mar Catalpa silty clay loam 
 Verona, MS 12-Apr Marietta loam 
2018 Starkville, MS 28-Mar Marietta fine sandy loam 
 Starkville, MS 12-Apr Catalpa silty clay loam 
2019 Starkville, MS 27-Mar Marietta fine sandy loam 
 Tchula, MS 24-Apr Morganfield silt loam 
 
13 
Table 1.2 Test of fixed effects of dependent variables such as phenotypic traits and grain yield. 








R x P S x R S x P S x R x P 
 
 --------------------------------------------------- P < F ------------------------------------------------- 
Plant height R2 < .0001 .6997 .0005 .5228 .7918 .1459 .3890 
Ear height R2 < .0001 .4226 < .0001 .4919 .4897 .0886 .8576 
Stalk diameter R2 < .0001 .0009 < .0001 .1944 .9997 .3328 .3537 
SPAD  R2 < .0001 .5389 < .0001 .7818 .5218 .1651 .9133 
LAI R2 < .0001 .1364 < .0001 .9060 .1373 .0802 .7264 
Kernel rows Prior to Harvest < .0001 .1397 < .0001 .8463 .0658 .4889 .9804 
Kernels per row Prior to Harvest < .0001  .0014 < .0001 .7759 .3305 .0649 .1303 
Root lodging* Prior to Harvest < .0001 .1094 < .0001 .2934 .0977 .0021 .0483 
Hundred-Kernel 
Weight 
Harvest < .0001 .0613 .0006 .3589 .0614 .0974 .7034 
Grain yield Harvest < .0001 .0124 < .0001 .2791 .2025 < .0001 .9982 




Table 1.3 Phenotypic responses of plant and ear height, stalk diameter, SPAD, leaf area index, kernel rows, and kernels per row as 
affected by plant population pooled over site-year and row spacing. 
 Plant 
Height 
Ear Height Stalk 
Diameter 









Population, plants ha-1 ------------------- cm -----------------    ---- g ---- 
61,775 270.9 a* 108.1 d 2.16 a 57.38 a 4.60 e 16.94 a 36.88 a 38.05 a 
86,485 268.3 ab 111.9 c 2.00 b 54.81 b 5.07 d 16.89 a 34.11 b 37.94 a 
111,195 267.8 ab 113.2 bc 1.86 c 53.26 c 5.81 c 16.71 ab 30.38 c 36.90 b 
135,905 266.1 b 114.8 ab 1.78 d 53.02 c 6.55 b 16.43 bc 27.86 d 36.96 b 
160,615 261.7 c 116.5 a 1.69 e 50.15 d 7.04 a 16.20 c 26.01 e 36.67 b 
*Means with the same lowercase letter, within the same column, are not significantly different (α =0.05)
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Table 1.4 Coefficients of polynomial models for predicting corn yield response to plant 
population pooled over row spacing of research trials conducted for 6 site-years in 
Mississippi from 2017 to 2019. 
 








(plants ha-1) Site-year 
Function 
Intercept a b R2 
1) Starkville-17’ QP 1.0751 0.2754 -0.00116 .58 < .01 17.35 118,196 
2) Verona-17’ LP 16.118 0.0700 114.386 .41 < .01 16.11 114,386 
3) Starkville-18’(a) Q 2.3406 0.2344 -0.00101 .37 < .01 15.91 115,796 
4) Starkville-18’(b) Q 7.2138 0.1332 -0.00064 .11 < .01 14.13 104,115 
5) Starkville-19’ LP 14.210 0.0723 119.125 .30 < .01 14.21 119,125 




Table 1.5 Predicted economic optimum plant populations (for combinations of market grain 
price per tonne and seed cost per 80,000 seed unit, based on mean yield response 
to populations in 6 site-years in Mississippi conducted from 2017-2019. 
Seed Price 
($ unit-1) 
Grain Price ($ tonne-1) 
$98  $118  $138  $158  $177  $197  
$150  113310 115586 117214 118435 119384 120142 
$175  111032 113688 115586 117012 118119 119003 
$200  108754 111791 113960 115586 116854 117864 
$225  106475 109893 112334 114160 115588 116725 
$250  104197 107995 110708 112734 114323 115586 
$275  101919 106097 109082 111309 113058 114447 
$300  99641 104200 107456 109883 111793 113308 





Figure 1.1 Relationship between plant population and percentage of root lodging for two site-





Figure 1.2 Predicted agronomic optimum plant population pooled over row spacing of 
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ASSESSMENT OF CORN (ZEA MAYS L.) HYBRIDS AND PLANT POPULATIONS IN A 
NARROW ROW CONFIGURATION 
Abstract 
Mid-South corn producers are continuously searching for ways to increase grain yield 
and ultimately net returns.  In this region, growers have been experimenting with narrow row 
corn production because they are concerned about wide row widths causing intra-row stress as 
plant populations steadily increase.  The objective of this research was to determine the effect of 
hybrid and plant population on above ground phenology and grain yield.  The experiment 
assessed five hybrids and sub-plots that contained three plant populations (74,130; 98,840; and 
123,550 plants ha-1).  This study took place across six site-years at Starkville and Verona, MS 
from 2017-2019.  Kernel number was affected by interactions of hybrid x plant population and 
site-year x hybrid suggesting some hybrids were inconsistent among site-years and hybrids 
responded differently to increased plant population.  Agronomic optimum plant populations 
(AOPP) varied among site-years, and by hybrid.  For hybrids pooled over site-year, AOPP 
ranged from 101-120 thousand plants ha-1 with economic optimum plant populations ranging 
from 93-107 thousand plant ha-1.  In conclusion, our data suggest selecting corn hybrids 
exhibiting great root strength for standability and identifying each hybrid’s response to increased 




 Narrow row corn production is not a new concept but there has been an increase in 
interest by MS corn growers.  The majority of corn in Mississippi is produced in either 96 or 
101-cm rows primarily because most growers in the region also grow cotton to diversify their 
production systems.  This wide-row production system decreases within-row plant spacing in 
corn, which may increase stress due to crowding and inter-row plant competition (Boomsma et 
al., 2009).  Reducing inter-row plant competition among individual plants may allow the crop to 
better utilize available light, water and nutrients (Tollenaar and Wu, 1999).  This interest has 
been stimulated by the increase of soybean (Glycine max L. Merr.) grain yield in narrow rows 
(19- or 38-cm) compared to wider rows (76 cm or greater) (Bertram and Pedersen, 2004; Costa 
et al., 1980; Harder et al., 2007; Lueschen et al., 1992; Pedersen and Lauer, 2003). 
 Planting corn on narrow rows have been have been reported to increase grain yield in 
certain situations.  The majority of literature reports grain yield gains from narrow rows to be 
consistent in the upper Midwest region (Stahl et al., 2018) and in high-yielding environments 
(Litch et al., 2019).  Several studies report a 3 to 10% grain yield increase by planting corn in 
narrow rows (Barbieri et al., 2000; Johnson et al., 2002; Shapiro et al., 2006; Williams et al., 
unpublished data).  These differences between wide and narrow row corn production systems 
may be due to changes in light interception (Barberi et al., 2008), lodging (Nielsen, 1988), and 
water use efficiency (Maddonni and Martinez-Bercovich, 2014).  The changes from row spacing, 
and subsequent grain yield, has also been reported to vary among hybrids (Farnham, 2001).  
Research has reported row spacing by hybrid interactions suggesting that certain hybrids perform 
better in a narrow-row configuration (Furnham, 2001; Giesbrecht, 1969; Nelson et al., 2015; 
Sharratt and McWilliams, 2005), while some found no hybrid response to row spacing (Alessi 
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and Power, 1974; Widdicombe and Thelen, 2002; Van Roekel and Coulter, 2012).  Furnham 
(2001) suggested that later maturing hybrids utilized in the study that were larger and exhibited a 
leafier architecture resulted in better adaptability to a narrow row environment.  Therefore, 
proper management of corn hybrids is vital for optimal grain yield.   
 It is essential to test as many commonly used hybrids in a narrow-row system because 
their optimum plant population may vary.  Many studies have reported hybrid and plant 
population interactions suggesting that hybrids do not respond similarly to increased population 
(Norwood, 2001; Mackey et al., 2016; Thomison et al., 2011; Widdicombe and Thelen, 2002).  
Norwood (2001) found that an increase in population increased the grain yield of four out of five 
hybrids used in the study.  The one other hybrid maximized yield at a lower population.  Mackey 
et al. (2015) reported that out of three hybrids used in the experiment, one responded positively, 
one responded negatively, and one was unresponsive to seeding rate.  Therefore, it is imperative 
to test mid-Southern U.S. adapted hybrids for their response to increased plant population.   
 Planting corn in narrow rows have previously been reported to potentially increase grain 
yield.  Also, previous research in row spacing by plant population are inconsistent and, 
unfortunately, research in the area of hybrid and population response on a narrow-row spacing 
are currently lacking in the Mid-South.  Therefore, the objective of this study was to determine if 
hybrids and population for a grower if they were to opt into utilizing a narrow row production 
system.  We hypothesized that hybrids would vary in their phenotypic traits and grain yield 
response to increasing plant population. 
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Materials and Methods 
 Studies were conducted from 2017- 2019 at the R.R. Foil Plant Science Research Center 
on a Leeper silty clay loam (fine, smectitic, nonacid, thermic Vertic Epiaquepts) near Starkville, 
MS and the Northeast Mississippi Branch Station on a Catalpa silty clay loam (Fine, smectitic, 
thermic Fluvaquentic Hapludolls) near Verona, MS.  Soil samples were extracted in the spring 
and were analyzed each year for P and K fertility requirements at a yield goal of 12.5 Mg ha-1. 
Fertilizer was applied in the spring before planting in a dry fertilizer form using concentrated 
superphosphate (0-46-0) and muriate of potash (0-0-60) at rates of 112 kg ha-1.  Fertilizer N was 
applied using a split application method at a rate of 336 kg N ha-1 with one third of the total N 
applied at preplant using urea sulfate (33-0-0-12S) and two thirds at the V6 growth stage as a 
simulated aerial application using urea (46-0-0). 
 Bed preparation for the study began with a flat seedbed.  Then, a Perkins Furrow Runner 
(Perkins Sales Inc., Bernie, MO) was pulled through the field to create 25 cm wide furrows, 15 
cm deep, ultimately, creating 70 cm beds.  A Wil-Rich (Wild-Rich, Wahpeton, ND) seedbed 
finisher was then pulled to create a smooth, raised bed.  Experimental units were 3.9 m wide by 
9.1 m long and were planted in slight excess at 5.7 cm deep with a Monosem NG Plus 4 
(Monosem, Largeasse, France) planter and thinned down to the desired plant population at the 
V2 (two-leaf) growth stage.  Experimental units consisted of 4 – 48 cm rows that were 9.1 m in 
length with treatments arranged in a split-plot design within a randomized complete block design 
replicated four times.  Five corn hybrids were assigned as main plot units: Armor A1414 VT2P®, 
114 d RM ($315 per 80,000 seed unit-1) (Armor Seed, Land O’Lakes, Arden Hills, MN), DKC 
64-69 VT3P® ($326 per 80,000 seed unit-1), 114 d RM (DEKALB, Bayer Crop Science, St. 
Louis, MO), DKC 68-26 VT2P®, 118 d RM ($357 per 80,000 seed unit-1) (DEKALB, Bayer 
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Crop Science, St. Louis, MO), DKC 70-27 VT2P®, 120 d RM ($394 per 80,000 seed unit-1) 
(DEKALB, Bayer Crop Science, St. Louis, MO), and P2089YHR, 120 d RM ($310 per 80,000 
seed unit-1) (Pioneer, DowDupont Inc., Wilmington, DE).  These hybrids were chosen because 
they are some of the highest yielding commercially available hybrids in this region.  Plant 
population (74,130, 98,840, 123,550 plants ha-1) was assigned as sub-plot units and were 
randomized within each main plot unit and replication.  Plots were planted in slight excess then 
thinned to the desired plant population at the V2 growth stage (two-leaf).  This study was 
conducted in non-irrigated, rainfed environments.   
  Phenotypic measurements were recorded throughout the growing season to quantify 
possible differences among hybrids and plant populations.  Plant and ear height, stalk diameter, 
SPAD, and LAI were all measured and recorded the R2 growth stage.   Plant heights were 
measured from the soil surface and up to the tip of the tassel.  Ear heights were obtained by 
measuring the distance from the soil surface and up to the base of the ear.  Digital calipers 
(General Tools & Instruments LLC, Secaucus, NJ) were utilized to determine stalk diameter by 
placing the calipers around the base of five consecutive plants just above the newest formed 
brace roots.  A SPAD 502 chlorophyll meter (Konica-Minolta, Japan) was used to measure leaf 
absorbance in the red and near-infrared electromagnetic regions.  This instrument has been 
accurate in predicting chlorophyll and N levels in rice (Oryza sativa) (Takebe and Yoneyama, 
1990), corn (Zea mays) (Wood et al., 1992), and wheat (Triticum sativum) (Follett et al., 1992).  
Leaf area index (LAI) measurements were recorded between 1000 and 1400 hours using an 
AccuPAR model LP-80 PAR/LAI Ceptometer (METER Group, Inc., Pullman, WA).  
 
28 
 Corn ear measurements and lodging were recorded prior to harvest.  Five consecutive 
ears were sampled from harvest rows in the middle of the plot and were measured for the number 
of kernel rows and kernels per row, with averages from each, combined to create kernel number.  
Root lodging was rated from the center two rows of each four row plot and were reported as a 
percentage of the plants lodged in each plot.  Plots were mechanically harvested from rows 1-3 
with a three-row, 51-cm row corn header to determine a 155 g kg-1 moisture adjusted grain yield.  
Net return was determined by a grain yield sold at a price a price of $3.50 bu-1 minus seed price.  
A local retailer provided seed prices for each hybrid for an 80,000 seed unit-1. 
Data were analyzed using analysis of variance (ANOVA) in SAS v9.4 (SAS Institute 
Inc., Cary, NC) using a general linear model.  Means were separated using Fisher’s protected 
LSD at the 0.05 level of significance.  Fixed effects consisted of site-year, hybrid, and plant 
population while replication was considered a random effect.  Regression analysis was 
conducted in R (RStudio, PBC, Boston, MA) using the easynls (Arnhold, 2017) and ggplot2 
(Wickham, 2016) packages for data visualization. 
Results and Discussion 
Mid-Season Phenology 
Mid-season phenotypic measurements were recorded to determine the effects of hybrid 
and plant population in a narrow row configuration.  Firstly, plant and ear height were both 
affected by hybrid but not by plant population.  Pooled over site-year and plant population, mean 
plant height for hybrids ranged from 250-280 cm with DKC 64-69 VT2P being the shortest and 
P2089YHR being the tallest (p < .0001; Table 2.4 and 2.5).  Also, ear heights for these hybrids 
ranged from 98-111 cm in height (p = .0019; Table 2.4 and 2.5).  Ear placement is a concern 
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because as ears rises on the stalk, lodging potential increases.  Because both plant and ear heights 
are a concern for standability, the ratio of ear to plant height was also generated.  The ear to plant 
height ratio was affected by hybrid (p < .0001; Table 2.4) and plant population (p = .0147; Table 
2.4).  Hybrids varied in their ratios as A1414 VT2P and DKC 64-64 VT2P produced the greatest 
values while DKC 68-26 VT2P and P2089YHR produced the least (Table 2.5).  Also, increasing 
plant population increased the ear to plant height ratio (p = .0147; Table 2.6).  Similarly, Gyenes-
Hegyi et al., (2002) reported corn hybrids tested in Hungary produced ratios between 37 and 
44% high on the stalk compared to the total height of the corn hybrid. 
Hybrid (p = .0004; Table 2.4) and plant population (p < .0001; Table 2.4) were both 
affected measured stalk diameters.  Mean measured stalk diameters ranged from 1.8 to 2.1 cm in 
width (Table 2.5).  Pooled over site-year and plant population, hybrids A1414 VT2P and DKC 
70-27 VT2P produced the smallest stalk diameters.  Pooled over site-year and hybrids, for every 
increase of 24,710 plants ha-1, stalk diameters were reduced by 3% (Table 2.6).  Stalk diameters 
were reduced increased plant populations because of greater inter-row competition between 
adjacent plants.  Similarly, Bernhard and Below (2020) reported smaller stalk diameters as plant 
population increased when pooled over six hybrids.  Others have also reported similar findings 
with respect to reduced stalk diameter at greater plant populations (Mackey et al., 2016; Stinson 
and Moss, 1960; Tetio-Kagho and Gardner, 1988) 
Leaf area index varied significantly by hybrid (p = .0016) and plant population (p < 
.0001).  Despite strong differences among hybrids with respect to plant height, A1414 VT2P 
produced the greatest LAI while other hybrids were similar and ranged from 5.94-6.09 (Table 
2.5).  This significant difference may be due to the hybrids taller plant height coupled with its 
droopy leaf architecture.  As partially expected, leaf area index increased as plant population 
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increased in a quadratic trend but plateaued at 6.35 at 113 thousand plants ha-1 (Table 2.6).  The 
plateau in LAI may be due to the rainfed nature of the study potentially limiting plant growth 
through water deficits and inherently tall hybrids that were utilized in this study.   
All site-years, except for Starkville-18’, were not affected by root lodging.  At Starkville-
18’, ratings were assessed prior to harvest based on the percentage of the plot that had root 
lodged and analysis indicated significant differences among hybrid (p = .0003; Table 2.4) and 
plant population (p = .0477; Table 2.4) but not the interaction between the two factors (p = 
.6281; Table 2.4).  Root lodging ratings for hybrids ranged, on average, from 6-45% and 
increased, on average, from 12% at 74,130 plants ha-1 to 29% at 123,560 plants ha-1.  Pooled 
over plant population, hybrid A1414 VT2P root lodged the greatest root lodge rating (45%) 
(Table 2.5).  Although root lodging occurs when the lateral root system of the plants are 
insufficient to hold plants vertical, other factors contributed to its lodging potential such as its 
taller plant height and higher ear placement resulting in a high ear/plant height ratio.  Root 
weight per plant has been reported to significantly reduce as plant population increase (Bernhard 
and Below, 2020).    
Yield Components and Grain Yield 
 Yield components such as kernel number and hundred-kernel weight were measured to 
further validate grain yield data.  Kernel number was affected by a site-year by hybrid interaction 
(p = 0.0014; Table 2.4) and a hybrid by plant population interaction (p = .0010; Table 2.4).  
Pooled over plant population, mean kernel number per ear ranged from 417 to 649 kernels (Table 
2.7; Figure 2.1).  Hybrid P2089YHR produced consistently greater kernel numbers compared to 
other hybrids (Figure 2.1, Table 2.8).  At most site-years, DKC 64-69 VT2P produced the least 
kernel number except at Verona-17’ and Verona-18’ while, hybrids A1414 VT2P, DKC 68-26 
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VT2P, and DKC 70-27 VT2P, were consistently similar in the number of kernels produced.  The 
response of each hybrid, with respect to plant population varied as well (Table 2.7; Figure 2.2).  
Hybrids P2089YHR and A1414 VT2P both responded in a negative linear trend as plant 
populations increased, while all other hybrids responded in a quadratic trend.  Interestingly, DKC 
68-26 VT2P withstood a greater plant population than other hybrids before reducing kernel 
number.  Finally, hybrids DKC 64-69 VT2P and DKC 70-27 VT2P both reduced its kernel 
number as plant population increased from 74,130 to 98,840 but were unaffected by the next 
incremental increase.  Hybrid (p < .0001; Table 2.4) and plant population (p < .0001; Table 2.4) 
both affected hundred-kernel weight.  All DKC hybrids produced greater kernel weights 
compared to A1414 VT2P and P2089YHR (Table 2.5).  Pooled over site-year and hybrid, kernel 
weight decreased as plant population increased from 74,130 to 98,550 (Table 2.6). 
 Most importantly, grain yield was affected by the interactions between site-year and plant 
population (p = .0007; Table 2.4) and hybrid by plant population (p = .0101; Table 2.4).  Pooled 
over hybrids, site-years that did not experience root lodging achieved predicted AOPP’s ranging 
from 101-119 thousand plants ha-1.  At Starkville-18’, root lodging affected standability 
anywhere from 12-29% and pooled over hybrid, grain yield was stagnant from 74,130-92,633 
plants ha-1 as a result of significant root lodging (Table 2.10; Figure 2.3).  Quadratic models best 
described the response to increased plant population for four of five hybrids, while one hybrid 
responded linearly (Table 2.11; Figure 2.4).  Pooled over site-year, all hybrids, except for DKC 
70-27 VT2P, achieved an AOPP ranging from 101-120 thousand plants ha-1.  Alternatively, grain 
yield from hybrid DKC 70-27 VT2P increased 0.05 Mg ha-1 for every thousand plants ha-1.  
These data are similar to Mackey et al. (2016) as they reported, out of three hybrids, one 
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responded positively, one responded negatively, but one hybrid was unresponsive to an increased 
seeding rate. 
 Because grain yield was affected by the interactions of site-year by plant population and 
hybrid by plant populations, subsequently, net return above seed costs were affected similarly.  
Four of six site-years achieved its respective EOPP from 96-110 thousand plants ha-1 (p = .0109).  
At Starkville-17’, the grain yield response curve to plant population was fairly flat which caused 
the lesser plant population to be more economical.  At Starkville-18’, a lower plant population of 
76,546 plant ha-1 was predicted to be most economical, because this site-year experienced 
significant root lodging.  The EOPP for each hybrid was best described by either quadratic or 
quadratic plateau models.  The EOPP for each hybrid ranged from 93-107 thousand plants ha-1 (p 
< .0001).  Overall, planting P2089YHR generated the greatest net return because of its high-end 
yield potential due to greater kernel number production at lower plant populations and cheaper 
seed cost. 
Conclusions 
 As hypothesized, hybrids did vary significantly in their response to plant population and 
their expressed phenotypic traits.  Because this study was grown in rainfed environments optimal 
plant populations for grain yield and net return above seed cost varied.  Pooled over site-years, 
an AOPP could be only determined for four of the five hybrids used in the study because one of 
the hybrids responded linearly while the other four responded quadratically.  In conclusion, these 
data suggest that hybrids may vary significantly in their response to increased plant populations 
in narrow row, high yielding, rainfed environments in Mississippi.  Growers should select corn 
hybrids that exhibit good root strength ratings to reduce the likelihood of root lodging and be 
aware of each hybrid’s response to increased plant population to maximize net return. 
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Table 2.1 Planting and harvest dates for the study at Starkville and Verona, MS from 2017-
2019. 
Location Year Planting Date Harvest Date 
Starkville 2017 24-Mar 8-Aug 
 2018 28-Mar 15-Aug 
 2019 2-Apr 10-Aug 
Verona 2017 1-Apr 28-Aug 
 2018 16-Apr 12-Sept 
 2019 12-Apr 21-Aug 
 
Table 2.2 The 30-yr average monthly temperature (Cº) for March through September and 
averages at Starkville and Verona, MS from 2017 to 2019. 
Location Year 
Mar Apr May Jun Jul Aug Sept 
------------------------------------- Cº ------------------------------------- 
Starkville 30-yr 12.1 16.7 21.4 25.5 27.3 26.8 23.2 
 2017 14.3 19.7 21.1 24.5 27.6 26.2 23.3 
 2018 13.3 15.1 23.7 26.8 27.0 26.6 25.3 
 2019 12.6 17.0 23.7 25.3 26.3 26.5 26.8 
Verona 30-yr 11.9 16.4 21.4 25.5 27.2 26.9 23.4 
 2017 13.6 19.8 21.4 25.3 28.6 26.9 24.1 
 2018 12.2 14.3 24.4 26.8 28.0 27.3 26.0 
 2019 10.9 17.6 23.4 25.7 27.7 27.7 28.0 
 
Table 2.3 The 30-yr average precipitation (mm) from March through September and 
averages at Starkville and Verona, MS from 2017 to 2019. 
Location Year 
Mar Apr May Jun Jul Aug Sept 
------------------------------------ mm ------------------------------------- 
Starkville 30-yr 123.2 125.5 116.3 105.7 105.4 103.6 86.6 
 2017 101.3 101.3 119.4 184.9 65.0 154.4 68.3 
 2018 117.9 124.5 42.2 87.9 97.5 55.1 333.0 
 2019 96.3 299.2 161.3 172.2 210.1 113.5 1.0 
Verona 30-yr 134.6 124.2 145.0 111.8 96.5 98.3 106.7 
 2017 44.5 91.7 114.8 146.3 47.5 122.2 48.0 
 2018 98.8 190.2 112.8 190.5 77.5 127.5 195.8 




Table 2.4 The P-values associated with the analysis of variance for all dependent variables in the study at Starkville and Verona, 
MS from 2017 to 2019. 








H x P S x H S x P S x H x P 
 
 ----------------------------------------------- P < F ------------------------------------------------- 
Plant height R2 < .0001 < .0001 .1459 .7773 .2217 .4465 .3213 
Ear height R2 < .0001 .0019 .1752 .8718 .1180 .6008 .7162 
Ear/plant height 
ratio 
R2 < .0001 < .0001 .0147 .9425 .8734 .9024 .8334 
Stalk diameter R2 < .0001 .0004 < .0001 .8399 .3218 .8572 .4828 
LAI R2 < .0001 .0016 < .0001 .0874 .1852 .6624 .9111 
Root lodging* Prior to harvest - .0003 .0477 .6281 - - - 
Kernel number Prior to harvest < .0001 < .0001 < .0001 .0010 .0014 .8520 .2729 
Hundred-kernel 
weight 
Harvest < .0001 < .0001 < .0001 .1296 .1111 .0933 .3479 
Grain yield Harvest < .0001 < .0001 < .0001 .0101 .0782 .0007 .1766 
Net Return Harvest < .0001 < .0001 < .0001 < .0001 .1027 .0109 .1931 




Table 2.5 Phenotypic and yield component responses of plant and ear height, stalk diameter, SPAD, LAI, kernel rows, hundred-
kernel weight, and root lodging as affected by hybrid pooled over site-year and plant population at Starkville and 
Verona, MS from 2017 to 2019. 









Hybrid ------------ cm ------------ --- % ---   --- cm ---                              ---- g ---- --- % --- 
A1414 VT2P 267.7 b† 111.6 a 41.5 a 1.88 b 6.46 a 30.4 b 45.4 a 
DKC 64-69 VT3P 250.2 d 104.7 b 41.6 a 1.95 a 6.08 b 32.7 a 8.9 bc 
DKC 68-26 VT2P 264.8 b 98.2 c 36.9 c 2.00 a 6.07 b 32.6 a 20.1 b 
DKC 70-27 VT2P 259.5 c 105.1 b 40.2 b 1.88 b 5.89 b 32.5 a 5.9 c 
P2089YHR 283.5 a 104.8 b 36.8 c 1.95 a 5.94 b 31.1 b 20.6 b 
*Root lodging occurred at one site-year, Starkville-18’ 




Table 2.6 Phenotypic and yield component responses of stalk diameter, leaf area index, 
kernel rows, root lodging, and hundred-kernel weight as affected by plant 
population pooled over site-year and hybrid at Starkville and Verona, MS from 
2017 to 2019. 
 Plant population (plants ha-1) Regression model* 
Dependent 
variable 
74,130 98,840 123,550 Intercept a b R2 
Ear/plant 
height ratio 
38.7 b† 39.5 ab 40.0 a 36.790 0.002 - .10 
Stalk diameter 2.06 a 1.90 b 1.84 c 2.381 0.004 - .16 
LAI 5.66 b 6.25 a 6.35 a 0.627 0.101 -0.001 .07 
Root lodging‡ 12.3 b 19.4 ab 28.5 a 35.076 -0.033 - .15 
Hundred-
kernel weight 
32.77 a 31.62 b 31.2 b 40.284 -0.142 0.001 .16 
*Linear model equation, y = z + ax and quadratic model equation, y = z + ax + bx2; where y, 
dependent variable; x, plant population; z, intercept; a, linear coefficient; and b, quadratic 
coefficient. 
†Means with the same lowercase letter, within the same row, are not significantly different (α 
=0.05). 




Table 2.7 Kernel number response as affected by the interaction between site-year and 














Starkville-17’ 565 d-i 483 l-p 558 e-j 505 j-n 590 b-h 
Starkville-18’ 533 h-m 451 op 476 m-p 546 e-k 649 a 
Starkville-19’ 484 k-p 424 p 417 p 457 nop 620 a-d 
Verona-17’ 576 c-h 539 g-l 591 b-h 570 c-h 599 a-f 
Verona-18’ 607 a-e 539 g-l 571 d-h 595 a-g 631 abc 
Verona-19’ 536 i-l 507 j-o 509 j-n 506 j-o 645 ab 
Table 2.8 Kernel number as affected by the interaction between hybrid and plant population 
pooled over site-years at Starkville and Verona, MS from 2017 to 2019. 
  Polynomial model coefficients 
Hybrid Function Intercept a b R2 
A1414 VT2P L 711.5 -1.582 - .21 
DKC 64-69 VT3P Q 991.6 -8.925 0.037 .20 
DKC 68-26 VT2P Q 673.8 0.276 -0.017 .42 
DKC 70-27 VT2P Q 978.2 -7.184 0.026 .23 
P2089YHR L 848.2 -2.294 - .26 
 
Table 2.9 Agronomic optimum plant populations for each site-year pooled over hybrids at 
Starkville and Verona, MS from 2017 to 2019. 
  Polynomial model coefficients Max yield 
(Mg ha-1) 
Plant population 
(plants ha-1) Site-year Function Intercept a b R2 
Starkville-17’ Q 2.7745 0.2475 -0.0012 .04 15.39 101,930 
Starkville-18’ Q 5.3790 0.1775 -0.0009 .04 13.61 92,663 
Starkville-19’ Q 1.2100 0.1800 -0.0007 .21 13.21 133,254 
Verona-17’ QP -6.9551 0.3906 -0.0016 .36 15.57 115,301 
Verona-18’ QP -1.4885 0.2702 -0.0011 .28 14.60 119,095 
Verona-19’ L 7.5350 0.0464 - .20 - - 
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Table 2.10 Agronomic optimum plant populations for each hybrid pooled over site-years at 
Starkville and Verona, MS from 2017 to 2019. 
 
 Polynomial model coefficients Max yield 
(Mg ha-1) 
Plant population 
(plants ha-1) Hybrid Function Intercept a b R2 
A1414 VT2P QP 1.5411 0.1935 -0.0008 .12 13.20 120,524 
DKC 64-69 VT2P Q 0.6517 0.2243 -0.0010 .06 12.86 108,855 
DKC 68-26 VT2P QP -10.3961 0.4734 -0.0023 .10 13.69 101,741 
DKC 70-27 VT2P L 9.2194 0.0465 - .16 - - 
P2089YHR Q -2.8385 0.3397 -0.0017 .12 14.39 101,422 
 
 
Table 2.11 Economic optimum plant populations for each site-year pooled over hybrids at 
Starkville and Verona, MS from 2017 to 2019. 
  Polynomial model coefficients Max return 
($ ha-1) 
Plant population 
(plants ha-1) Site-year Function Intercept a b R2 
Starkville-17’ Q 382.27 29.855 -0.1673 .09 1714.07 89,215 
Starkville-18’ Q 741.12 20.209 -0.1320 .19 1514.59 76,546 
Starkville-19’ Q 169.03 20.510 -0.0928 .04 1301.15 110,396 
Verona-17’ Q -862.98 47.320 -0.2204 .16 1676.91 107,348 
Verona-18’ Q -186.48 32.540 -0.1537 .09 1534.90 105,799 
Verona-19’ Q 87.835 19.495 -0.1008 .02 1029.86 96,639 
 
 
Table 2.12 Economic optimum plant populations for each hybrid pooled over site-years at 
Starkville and Verona, MS from 2017 to 2019. 
 
 Polynomial model coefficients Max return 
($ ha-1) 
Plant population 
(plants ha-1) Hybrid Function Intercept a b R2 
A1414 VT2P Q 218.42 22.583 -0.1097 .02 1379.79 102,849 
DKC 64-69 VT2P Q 89.787 26.834 -0.1419 .03 1357.74 94,504 
DKC 68-26 VT2P Q -517.59 39.170 -0.1957 .03 1442.34 100,073 
DKC 70-27 VT2P QP 671.15 14.406 -0.0671 .02 1443.47 107,220 




Figure 2.1 Kernel number response as affected by the interaction between site-year and 




Figure 2.2 Kernel number as affected by the interaction between hybrid and plant population 




Figure 2.3 Agronomic optimum plant populations for each site-year pooled over hybrid at 
Starkville and Verona, MS from 2017 to 2019. 
 
 
Figure 2.4 Agronomic optimum plant populations for each hybrid pooled over site-years at 





Figure 2.5 Economic optimum plant populations for each site-year pooled over hybrid at 
Starkville and Verona, MS from 2017 to 2019. 
 
 
Figure 2.6 Economic optimum plant populations for each hybrid pooled over site-years at 
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EVALUATION OF SIDEDRESS NITROGEN APPLICATION METHOD FOR NARROW 
ROW CORN (ZEA MAYS L.) PRODUCTION 
Abstract 
A small percentage of corn producers in the Mid-South region have shifted to narrow row 
corn production to mitigate intra-row plant stress caused by plant-to-plant competition from 
increasing plant populations.  Sidedress nitrogen (N) applications in this region are typically 
knifed-in, but growers moving to narrow row widths, existing equipment may require 
modifications.  The objective of this research was to determine the effect of sidedress N 
application method and fertilizer N rate on above ground phenology and grain yield.  The 
experiment assessed two application methods of liquid UAN 32% knifed-in the middle of the 
raised bed approximately 24 cm away from each row vs. broadcasting treated urea (46-0-0) with 
ANVOLTM, N-(n-butyl) thiophosphoric triamide (NBPT) (16%) and duromide (27%) and sub-
plots containing five fertilizer N rates (0, 67, 134, 202, 269 kg N ha-1).  This study took place 
across three sites, Brooksville, Starkville, and Verona, MS, in 2020.  Nitrogen uptake from grain, 
stover, and total N were not affected by application method and but responded uniquely, by site, 
to increased fertilizer N rates.  Grain yield, also, was not affected by sidedress application 
method.  Agronomic optimum nitrogen rates, in this study, suggest the importance of site-
specific N rates.  Overall, this study suggests that growers may broadcast treated urea without the 
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obligation of modifying current knife-in UAN applicators for sidedress N applications in narrow 
row production systems. 
Introduction 
 The standard row spacing for corn in Mississippi is 96 or 101 cm primarily because of the 
prevalence of cotton production.  Many growers in the region are part of both crop enterprises to 
diversify their production systems.  Most cotton and corn production in Mississippi are on a wide 
rows (96 cm) (Bruns et al., 2012).  Cotton has historically been grown on wide rows to 
encourage air flow within the canopy and aid in pesticide penetration.  This wide row production 
system decreases within-row plant spacing in corn, which may increase stress due to crowding 
and inter-row plant competition (Boomsma et al., 2009).  Growers are interested in reducing row 
spacing because reduced inter-row plant competition among individual plants in narrow rows 
may allow the crop to better utilize available light, water and nutrients (Tollenaar and Wu, 1999).  
One nutrient application that growers may have to modify are sidedress nitrogen (N) 
applications.  
  Row widths that are narrower than tires on equipment currently owned by growers raise 
concern to the best sidedress N application method.  Because local growers typically use a 96 cm 
row spacing, current N applicators would have to modified.  Knifing-in urea ammonium nitrate 
(UAN) fertilizer is the preferred method because there is less risk for crop injury and is applied 
in the rooting zone, typically 20 cm away from the planted row.  This application method 
reduces the chances of volatilization.  Also, aerial broadcast applications of granular urea is 
another popular choice for N applications to the corn crop.  Aerial broadcast applications would 
eliminate the need to drive over rows but raises concern for volatilization in our hot and humid 
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environment if applications are not followed by rainfall or irrigation.  Keller and Mengel (1986) 
and Beyrouty (1988) both suggest that broadcast applications of urea fertilizer resulting in 
contact with crop residue and may result in N losses up to 30% through volatilization.  
Therefore, modifications to current N applicators may be required. 
 In the Mid-South, fertilizer N rate recommendations for corn are typically yield-goal 
based.  The Mississippi State University Extension Service recommends using 0.05 kg of actual 
N for each kg ha-1 of grain yield goal (MSU Extension Service, 2008).  Although there are other 
methods for determining N rates, such as pre-plant soil nitrate tests and nitrogen credits from 
previous crops, these methods have been most successful only in sub-humid and semi-arid 
regions of the U.S (Morris et al., 2018).  Therefore, because of our warm wet winters inhibiting 
N from carrying over from year to year, our N recommendations are based solely on yield goal 
(MSU Extension Service, 2008). 
 Many factors play a role in determining the economic optimum nitrogen rate (EONR).  
The EONR varies within fields, across fields, and over the years primarily as a result of 
interactions among soil characteristics and environmental factors (Tremblay et al., 2012).  
Uncontrollable factors such as temperature, rainfall timing, intensity and amount, nitrogen 
source, application timing, and placement can also play a role in determining the EONR (Morris 
et al., 2018).  A study in Wisconsin evaluated corn yield and nitrogen application rates over a 24-
year period (1967-1990) across high- and low-yielding areas and indicated moderate changes in 




 The objectives of this research were to evaluate nitrogen application methods and to 
determine optimal N rates for narrow row corn production in the Mid-South.  Our hypothesis is 
that knifing-in sidedress N compared to broadcasting treated urea will increase N uptake, and 
subsequently, grain yield. 
Materials and Methods 
Studies were conducted at three sites, Brooksville, on a Brooksville silty clay (Fine, 
smectitic, thermic Aquic Hapluderts), Starkville, on a Marietta fine sandy loam (Fine-loamy, 
siliceous, active, thermic Fluvaquentic Eutrudepts), and Verona, MS, on a Catalpa silty clay 
(Fine, smectitic, thermic Fluvaquentic Hapludolls) in 2020.  The experimental design was a 
randomized complete block design within a split-plot arrangement with four replications.  Plots 
were 3.9 m wide by 9.4 m planted on 48 cm rows with one hybrid, DKC 70-27 VT2P® (120 d 
RM) (DEKALB, Bayer Crop Science, St. Louis, MO), at 86,485 seed ha-1. The main plot factor 
was N sidedress application method of either liquid UAN (32%) knifed-in the middle of the 
raised bed approximately 24 cm away from each row or dry treated urea (46-0-0) with ANVOL, 
N-(n-butyl) thiophosphoric triamide (NBPT) (16%) and duromide (27%), applied as a simulated 
aerial application at the V5-V6 growth stage (Figure 3.1).  Fertilizer N rate was the sub-plot 
factor with rates of 0, 67, 134, 202, and 269 kg N ha-1.  Fertilizer N was applied using the MSU 
recommendation of a third of the designated total fertilizer N applied at planting and the 
remaining two thirds at V5-V6 (MSU Extension Service, 2008).  All plots received the first third 
of designated fertilizer N preplant application using dry urea along with K-Mag (0-0-22, 11% 
Mg, 22% S) at a rate of 91 kg ha-1 to supply a sulfate form of sulfur and was incorporated using a 
Pulvamizer® (W&A Manf. Co., Pine Bluff, AR) at planting (Table 3.1).  The previous crop at all 
sites was soybean (Glycine max L.). 
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The SPAD values were collected by taking three ear-leaf measurements at the R1 growth 
stage from three random plants within the plot.  Ear-leaf N measurements were collected by 
removing 15 ear-leaves from each plot at the R1 growth stage.  These samples were then dried 
and sent to the Mississippi State University Soil Lab for N analysis.  At physiological maturity, a 
2-m length of row of whole plants were cut at soil level and dried at 65° C for 7 days.  Corn ears 
were removed and dried to a constant weight.  Corn grain was hand-shelled, weighed, and 
ground through a 0.20-mm screen.  Corn cobs were weighed and combined with stover before 
being ground through a 0.40-mm screen.  Corn grain and stover were analyzed for N content 
using a Carlo Erba NA-1500 dry combustion analyzer (CARLO ERBA Reagents, Barcelona, 
Spain).  Grain yield was harvested from the center four rows of each eight-row plot using a 
Kincaid 8-XP single plot combine (Kincaid Equip. Manf., Haven, KS) and were adjusted to 155 
g kg-1 moisture. 
Data were analyzed using analysis of variance (ANOVA) in SAS v9.4 (SAS Institute 
Inc., Cary, NC) using a general linear model.  Means were separated using Fisher’s protected 
LSD at the 0.05 level of significance.  Fixed effects consisted of site, sidedress N application 
method, and fertilizer N rate while replication was considered a random effect.  Regression 
analysis was conducted in R (RStudio, PBC, Boston, MA) using the easynls (Arnhold, 2017) and 
ggplot2 (Wickham, 2016) packages for data visualization.  
Results and Discussion 
Weather Conditions 
 Field conditions were extremely wet during late-March through early-April in 
Brooksville and Verona and resulted in delayed planting (Table 3.2).  Starkville, however, was 
planted timely on Apr-7.  Shortly after corn emergence in Starkville, precipitation accumulation 
 
49 
was two-fold the 30-yr average.  Due to wet conditions, Brooksville and Verona were not 
planted until Apr.27.  Weather conditions were adequate for timely sidedress N applications at 
the V5-V6 growth stage and weather conditions were favorable after applications as all sites 
received at least 5.8 mm of precipitation within a week of application for incorporation of 
fertilizer N.  Precipitation was adequate throughout the vegetative stages of corn growth at all 
sites (Table 3.3).  Contrarily, all sites would be extremely different, with respect to precipitation.  
During reproductive stages, Brooksville became very dry, Verona was extremely wet, and 
Starkville would have near normal conditions.  Temperatures throughout the entire study would 
be very similar to the 30-year average (Table 3.4).  Overall, precipitation at sites in 2020 would 
be drastically different. 
Phenotypic Measurements 
Phenotypic responses were evaluated in this study to quantify the effects of sidedress N 
application method and fertilizer N rate.  First of which were the days to silking which is the 
beginning of reproductive stages.  Method (p = .2236, Table 3.5) had no effect on the days 
required to silk but site (p  < .0001; Table 3.5) and fertilizer N rate (p < .0001, Table 3.5) had a 
significant effect.  Starkville required the greatest number of days to reach silking (72 days), 
while Brooksville and Verona only required 67 days, on average, to silk.  This was due to 
Starkville site being planted a month earlier than the other two sites.  Typically, earlier planted 
corn requires a slightly greater number of days to silk due to cooler environmental conditions at 
planting.  Pooled over all sites, there was a range of 67-72.5 days among fertilizer N rates.  A 
quadratic model was fitted to the data and suggested that the three greatest N rates of 134, 202, 
and 269 kg N ha-1 significantly reduced the days required to silk by three to four days (Figure 
3.2).     
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Plant height was significantly affected by site (p < .0001; Table 3.5) and fertilizer N rate 
(p < .0001; Table 3.5) but not method (p = .2698; Table 3.5).  Starkville had the tallest plant 
heights with an average of 254 cm, while Brooksville and Verona, on average, were 246 and 238 
cm, respectively.  Pooled over all sites, plants ranged from 222 cm at 0 kg N ha-1 to 258 cm in 
height.  A linear-plateau model was fitted to the data and suggested that plants obtained a mean 
maximum plant height of 258 cm at 144 kg N ha-1 (Figure 3.3).  Fertilizer N rates below 144 kg 
N ha-1 did not support full plant growth.   
The SPAD values were significantly affected by site (p < .0001; Table 3.5) and fertilizer 
N rate (p < .0001, Table 3.5) but not method (p = .1456, Table 3.5).  Brooksville had the greatest 
SPAD values with an average of 50, while Starkville and Verona, on average, were 44 and 43, 
respectively.  Pooled over all sites, SPAD value, which is a good indicator of N status of the crop 
(Wood et al., 2003), was best described using a linear-plateau model (Figure 3.4).  Values 
plateaued past 165 kg N ha-1 with a maximum SPAD value of 52.5.  Other studies have 
suggested that optimal SPAD values for maximum grain yield ranged from 50-60 (Frank et al., 
2013; Hawkins et al., 2007; Woli et al., 2016) and our value of 52.5 resides in that range. 
Nitrogen Uptake 
Nitrogen uptake was measured at different times and utilized various methods to quantify 
the effect of sidedress N application method and rate.  First of which was ear-leaf N which was 
sampled at silking (R1).  Ear-leaf N was affected by site (p < .0001, Table 3.5) and fertilizer N 
rate (p < .0001, Table 3.4) but not method (p = .1198, Table 3.5).  Brooksville and Starkville had 
the greatest ear-leaf N values of 28.4 and 27.9 g kg-1, respectively, while Verona, on average, 
was 26.1 g kg-1.  Pooled over all sites, ear-leaf N at silking was best described by a linear-plateau 
model (Figure 3.5) and plateaued at 32.7 g kg-1 N with 163 kg N ha-1.  Our generated plateau 
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value resides in the recommended sufficiency range of 29-35 g kg-1 (Vitosh et al., 1995) for 
optimal grain yield.  Historically, corn ear-leaf N concentration at silking has been positively 
correlated with grain yield and has been used to indicate plant response to fertilization rate or 
placement (Kovacs and Vyn, 2017).   
Grain and stover N uptake were affected by a site and fertilizer N rate interaction but not 
by method (Table 3.5).  Grain N for both Starkville and Verona were both best described by a 
linear model while Brooksville was best described by a quadratic model (p = .0001; Table 3.5).  
Brooksville grain N uptake was reduced at greater fertilizer N rates because, historically, it is 
typically a lesser yielding environment (8.8 – 10 Mg ha-1) (Williams et al., 2020).  However, 
stover N uptake at each location was best described by a linear model (Figure 3.7).  Nitrogen 
uptake for stover significantly increased with each incremental increase in fertilizer N applied (p 
= .0003; Table 3.5).  Most research have reported positive linear trends in grain and stover N 
uptake (Barbieri et al., 2008; Halvorson et al., 2006, Sindelar et al., 2015).  Pooled over all sites, 
at 269 kg N ha-1, grain N uptake accounted for 75% of the total aboveground N uptake, while 
stover accounted for 25% of the total N uptake. 
Because grain N uptake comprised of 75% of all N uptake, similarly, total N uptake was 
affected by a site and fertilizer N rate interaction (p < .0001, Table 3.4) but not by method (p = 
.0984, Table 3.5).  Pooled over Starkville and Verona, for every increase in kg N ha-1, total N 
uptake increased by 0.67 kg N ha-1.  Results from Brooksville, however, were best described by a 
quadratic model (Figure 3.8).  As mentioned previously, Brooksville is historically a lesser 
yielding environment (Williams et al., 2020) so greater N rates began to be less utilized and 
potentially were lost to the environment.  Pooled over all sites, both sidedress N application 
methods were similar in N uptake for grain, stover and total N uptake.  This disproves our 
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original hypothesis because we expected greater N uptake from knife-in compared to 
broadcasting treated urea.   
Grain Yield and Net Return 
Grain yield, which was our main variable of concern, was affected by a site by fertilizer 
N rate interaction (p < .0001, Table 3.5) but not by method (p = .1170, Table 3.5).  Application 
method may not have been significant because sites received timely precipitation following 
sidedress applications (Table 3.2).  Previously, greater N status in corn had been reported to 
improve ear-leaf photosynthesis and carbohydrate supply to the developing kernels both at 
silking and during kernel development (Peng et al., 2014).  Other researchers did not find any 
advantage of knife-in vs. broadcast-placed fertilizer N on grain yield or N uptake (Fox et al., 
1986; Raun et al., 1989).   
The trend of grain yield in response to fertilizer N rate at Brooksville and Verona was 
best described using quadratic-plateau models while Starkville data followed a positive linear 
trend (Figure 3.9).  At Brooksville and Verona, optimal N rates were within the tested region 
(202 and 221 kg N ha-1, respectively), while Starkville required much greater fertilizer N rates.  
Grain yield at both Brooksville and Verona were less than Starkville because of delayed 
planting.  To optimize grain yield in Starkville, fertilizer N rates of greater than 269 kg N ha-1 are 
required.  The generated quadratic-plateau trends in grain yield in response to fertilizer N rate at 
Brooksville and Verona were similar to several studies (Mueller et al., 2013; Al-Kaisi and Yin, 
2003; Bullock and Bullock, 1994).   
Net return was affected by a site and N rate interaction (p = .0157; Table 3.5; Figure 
3.10).  Net return above nitrogen price was similar to grain yield as the trend in net return in 
response to fertilizer N rate was best described by using quadratic-plateau models for each site.  
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For the analysis, fertilizer N price was set to a single price of 90 ¢ kg-1 of N.  The EONR for 
Brooksville, Starkville, and Verona were 131, 349, and 183 kg N ha-1, respectively.     
Pearson Correlation Matrix 
Studies have evaluated the relationship between measurements and N measurements of 
plant biomass to grain yield.  In our study, the best indicators of grain yield were by plant height 
and ear-leaf N (Figure 3.11).  The relationship between plant height and corn grain yield has 
been evaluated at early to late vegetative growth stages (Katsvairo et al., 2003; Machado et al., 
2002; Yin et al., 2011) while plant heights were recorded at silking.  Nevertheless, their data 
reported strong yield correlations with plant height especially at the later vegetative growth 
stages.  Similarly, our data indicates a strong positive relationship between plant height and grain 
yield (r = .85). 
Ear-leaf N concentration was the strongest predictor for grain yield (r = .87).  Strong 
positive correlations between ear-leaf N and grain yield have been documented several times 
(Kovacs, 2013; Schmidt et al., 2020; Subedi and Ma, 2005; Wood et al., 1992).  These positively 
influenced relationships have been attributed to higher photosynthetic rates (Sinclair and Horie, 
1989).  Also, higher N status in corn improves ear-leaf photosynthesis and carbohydrate supply 
to the developing kernels both at silking and during kernel development (Peng et al., 2014).  The 
SPAD value at silking was a strong indicator of ear-leaf N (r = .88) and total N uptake (r = .79).  
Historically, the SPAD chlorophyll meter has been documented to be a strong predictor of ear-
leaf N (Gabriel et al., 2019; Francis and Piekielek, 1999) and grain yield (Lindsey et al., 2016).   
End of the season N uptake measurements were strongly correlated to grain yield.  Most 
importantly, total N uptake was a strong indicator of grain yield (r = .82) which suggests that 
greater N uptake may result in greater grain yield.  This is true to a certain extent because 
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although the trend of total N uptake in response to fertilizer N rate was linear, the trend in grain 
yield in our study plateaued.  Also, grain N uptake was more strongly correlated than stover 
because grain N uptake contributed 75% of the total N uptake.  Overall, these correlations 
suggest that improving N uptake and maximizing plant height should improve corn grain yield. 
Conclusions 
 Our original hypothesis was that knifing-in nitrogen would reduce the losses of 
volatilization and increase N uptake and grain yield in a narrow row corn configuration.  
Contrarily, this study indicated no differences between the two sidedress N application methods.  
This could be attributed to the favorable weather conditions following applications as all 
locations received at least 5.8 mm of precipitation within a week after applications.  Receiving 
timely precipitation is essential to successful incorporation of sidedress N to reduce the chances 
of volatilization losses.  Similar to other studies, ear-leaf N and total N uptake was highly 
correlated to grain yield.  The AONR and EONR were highly dependent on site suggesting a 
site-specific fertilizer N management to optimize grain yield and net returns.  Site-specific 
nitrogen recommendations should be produced by using multiple years of data because of yearly 
weather variations.  Therefore, these data suggest that applying sidedress N at the V5-V6 growth 
stage with NBPT plus duromide treated urea or knifing-in UAN have similar effects on N uptake 
and grain yield in a narrow row configuration.    
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Table 3.1 Soil characteristics of Brooksville, Starkville, and Verona, MS in 2020. 
Characteristic Brooksville Starkville Verona 
pH 6.6 8.2 6.0 
CEC* 27.6 15.9 26.3 
OM% 1.3 1.9 1.6 
   ------------------------ kg ha-1 ------------------------- 
P 54 166 83 
K 229 586 442 
Ca 11156 6311 9699 
Mg 68 300 131 
S 45 517 303 
Zn 0.5 2.7 1.1 
Na 201 86 31 




Table 3.2 Planting, sidedress N application, precipitation a week following sidedress 
applications, and harvest dates at Brooksville, Starkville, and Verona, MS in 2020. 







Brooksville 27 Apr. 27 May 5.8 mm 15 Sept. 
Starkville 7 Apr. 15 May 9.4 mm 2 Sept. 
Verona 27 Apr. 26 May 51.6 mm 18 Sept. 
 
Table 3.3 The 30-yr average and 2020 monthly cumulative precipitation for April-
September at Brooksville, Starkville, and Verona, MS. 
 
Site  
     Brooksville       Starkville Verona 
Month 30-yr avg. 2020 30-yr avg. 2020 30-yr avg. 2020 
 -------------------------------------------- mm ------------------------------------------- 
Apr. - - 125.5 294.6 - - 
May 104.1 81.5 116.3 41.1 145.1 124.7 
Jun. 108.9 123.7 105.7 128.3 111.8 122.9 
Jul. 116.8 99.8 105.4 87.9 96.5 82.3 
Aug. 96.7 59.4 103.6 87.9 98.3 200.9 
Sept. 93.2 90.9 - - 106.7 89.9 
Total 519.7 455.3 431.0 639.8 558.4 620.7 
 
Table 3.4 The 30-yr average and 2020 monthly average temperatures in 2020 for April-
September at Brooksville, Starkville, and Verona, MS.  
 
Site  
     Brooksville       Starkville Verona 
Month 30-yr avg. 2020 30-yr avg. 2020 30-yr avg. 2020 
 -------------------------------------------- Cº ------------------------------------------- 
Apr. 16.8 16.2 16.7 16.1 16.4 16.3 
May 21.7 20.9 21.4 20.6 21.4 20.9 
Jun. 25.7 26.4 25.5 25.7 25.5 25.9 
Jul. 27.1 28.4 27.3 28.2 27.2 28.8 
Aug. 26.9 27.6 26.8 27.3 26.9 27.2 





Table 3.5 The P-values associated with the analysis of variance for all dependent variables in the study at Brooksville, Starkville 
and Verona, MS in 2020. 
Dependent variable Growth stage of 
measurement 




M x R S x M S x R S x M x R 
 
 --------------------------------------------------- P < F ------------------------------------------------- 
Days to Silking R1 < .0001 .2236 < .0001 .3319 .4066 .9476 .7208 
Plant Height R2 < .0001 .2698 < .0001 .1169 .1953 .1515 .6775 
SPAD R2 < .0001 .1456 < .0001 .4208 .6844 .2230 .9818 
Ear-leaf N R1 .0049 .1198 < .0001 .3721 .1383 .3852 .8527 
Grain N Uptake R6 < .0001 .1260 < .0001 .2280 .6142 .0001 .3867 
Stover N Uptake R6 < .0001 .1036 < .0001 .1447 .2923 .0003 .8523 
Total N Uptake R6 < .0001 .0984 < .0001 .0808 .9496 < .0001 .3331 
Grain Yield 155 g kg-1 grain 
moisture 
< .0001 .2628 < .0001 .1031 .7426 .0136 .4414 
Net Return 
 




Figure 3.1 Image of sidedress nitrogen applications utilizing knifed-in UAN (32%) (top) and 














Figure 3.4 The SPAD values pooled over sidedress application method and sites in 2020. 
 
 
Figure 3.5 Ear-leaf nitrogen at the VT growth stage pooled over sidedress application method 





Figure 3.6 Grain N uptake pooled over sidedress application method at Brooksville, 





Figure 3.7 Stover N uptake pooled over sidedress application method at Brooksville, 




Figure 3.8 Total N uptake pooled over sidedress application method at Brooksville, 





Figure 3.9 Grain yield pooled over sidedress application method at Brooksville, Starkville, 





Figure 3.10 Net return with the economic optimum nitrogen rate (90 ¢ kg-1 of N) pooled over 
all sites in 2020 for three prices of nitrogen fertilizer.  The red-dashed line 




Figure 3.11 Correlation matrix demonstrating the relationship between the measured dependent 
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HERBICIDE PROGRAM, DRIFT REDUCTION AGENT, AND SPRAY DROPLET SIZE 
EFFECTS ON GLUFOSINATE EFFICACY ON PALMER 
AMARANTH (AMARANTHUS PALMERI) 
Abstract 
Increasing interest has been placed on managing spray droplet size of herbicide 
applications to mitigate off-target movement.  Drift reduction agents (DRA) have been 
recommended to reduce driftable fines in the spray pattern.  A study was conducted in 2019 and 
2020 near Dundee, MS to evaluate Palmer amaranth (Amaranthus palmeri) control with 
glufosinate with and without a DRA.  Factors included: A) PRE of fluometuron at 1.1 kg ai ha-1 
and no PRE; B) Intact™ DRA at 0.5% v v-1 and no Intact™ DRA and C) six spray droplet sizes 
of 150-900 microns in increments of 150 microns.  POST applications were made to 10-15 cm 
Palmer amaranth.  Applications were made with a pulse width modulated sprayer using Wilger™ 
flan fan, non-venturi tips at a speed of 14.5 km hr-1 and carrier volume of 140 L ha-1.  Data were 
subjected to analysis of variance using the PROC GLM procedure in SAS v 9.4.  There was a 
negative linear trend in Palmer amaranth control at 7 and 14 DAA (p < 0.01).  Smaller droplet 
sizes provided the greatest Palmer amaranth control.  The density of Palmer amaranth was also 
least using smaller droplet sizes because of increased herbicide coverage.  In conclusion, 
although the fine droplet size (150 micron) provided the greatest control of Palmer amaranth, a 
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medium droplet size of (240 microns) will provide sufficient control while enhancing drift 
mitigation efforts. 
Introduction 
 An increasing number of glyphosate resistant weeds place pressure on weed control 
technologies, in particular, the LiberyLink® system.  The LibertyLink® system allows for over-
the-top applications of Liberty® (glufosinate) herbicide in canola, corn, cotton, and soybean.  In 
Mississippi, there are currently ten glyphosate-tolerant weeds (Heap, 2019), thus, placing more 
reliance on glufosinate for weed control of these problematic weeds.  The widespread occurrence 
of glyphosate-resistance weeds will increase selection pressure towards targeted weeds.  Better 
management of glufosinate applications will be required for the continuation of adequate weed 
control in cotton production systems. 
 The influence of spray droplet size on herbicide efficacy has been reported for multiple 
herbicides.  Spray droplet size for systemic herbicides are not as pronounced as it is for contact 
herbicides.  Research observing spray droplet size response using systemic herbicides such 
glyphosate (Etheridge et al., 2001; Feng et al., 2003) and 2,4-D (McKinlay et al., 1972; Smith, 
1946) are not as clear as with contact herbicides.  Etheridge et al. (2001) found that spray droplet 
size did not influence glyphosate efficacy but Feng et al. (2003) found that larger droplets 
increased absorption and translocation in glyphosate-tolerant corn.  McKinlay et al. (1972) 
reported that 2,4-D efficacy on common sunflower (Helianthus annus) was reduced with 
increasing droplet size while Smith (1946) reported efficacy on kidney bean with larger droplet 
sizes.  Meyer et al., (2015) reported that control of Palmer amaranth (Amaranthus palmeri) and 
hemp sesbania (Sesbania herbacea) generally decreased as droplet size increased.  Also, plant 
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architecture and leaf surface composition influence droplet impaction/retention and thereby 
herbicide efficacy (Massinon et al., 2017; Nairn et al., 2013).  
 Typically, nozzle manufactures recommend a smaller droplet size for contact herbicides 
(Meyer et al., 2015).  These smaller droplets result in greater spray coverage which is important 
for adequate control.  Glufosinate has generally exhibited greater weed control with smaller 
droplet sizes but control is also species dependent.  Creech et al. (2016) reported greater control 
of common lambsquarter (Chenopodium album) using a fine spray classification while, 
conversely, velvetleaf (Abutilon theophrasti) control was maximized using a very coarse droplet.  
Butts et al., (2018) suggested a medium (310 µm) droplet size across carrier volumes for 
glufosinate applications and suggests that if particle drift is a concern, droplet size can increase 
to 605 µm and still achieve 90% of the maximum weed control.  Fine droplet sizes are 
recommended but this raises concern with off-target movement because fine droplets will stay 
suspended in the atmosphere longer than larger droplets and can be displaced by lateral air 
movement (Nuyttens et al., 2007).       
 Due to fine droplet sizes recommended for greater herbicide efficacy of contact 
herbicides, deposition aids and drift control agents are recommended to reduce the likelihood of 
drift.  Deposition aids have been reported to affect spray droplet size of water (Prokop and 
Kejklicek, 2002).  Previous research demonstrates that drift control agents reduces spray drift by 
increasing the Dv0.5 of the spray solution (Zhu et al., 1997).  Drift control agents produced mixed 
results.  Fietsam et al. (2004) reported that drift control agents reduced herbicide drift by up to 
43%.  In some cases, drift control agents may provide little or no additional benefit for 
management of spray particle drift (Fietsam et al., 2004), however, drift control agents may have 
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benefits other than drift reduction, such as greater spray retention, reduced splash, and enhanced 
herbicide uptake on some weed species (Downer et al., 1995). 
 Pulse-width modulation (PWM) sprayers allow for spray application and spray droplet 
size to be maintained across a range of sprayer speeds compared to conventional sprayers (Butts 
et al., 2018).  The benefits a PWM sprayer include individual nozzle control, overlap and turn 
compensation and real-time flow rate changes while minimally impacting droplet size.  Flow is 
controlled by pulsing an electronically-actuated solenoid valve placed directly upstream of the 
nozzle (Giles and Comino, 1989).  Flow is then changed by controlling the timed proportion of 
each solenoid spent open, typically known as duty cycle.  This system allows for real-time flow 
rate changes without manipulating application pressure.  One drawback to PWM systems are that 
Venturi nozzles are not recommended for PWM systems as they may lead to inconsistent droplet 
size generation and nozzle tip pressures (Capstan Ag Systems, 2013). 
 To date no one has evaluated the interactive effect of spray droplet size and drift 
reduction agent use on Palmer amaranth control.  Therefore, the objectives of this research were 
to evaluate the effect of spray droplet size and deposition aid use of glufosinate on Palmer 
amaranth control.  Our hypothesis was that the timing and growth stage of cotton and use of a 
drift reduction agent would affect the optimal spray droplet size for Palmer amaranth control. 
Materials and Methods 
The study was conducted at Hood Farms on a Sharkey clay near Dundee, MS in 2019 and 
2020 (Table 4.1).  Experimental units were 4 m wide and 12 m in length.  Treatments were 
arranged utilizing a 2 x 2 x 6 factorial arrangement of treatments within a randomized complete 
block design with four replications.  Factors included herbicide program (fluometuron at 1.1 kg 
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ai ha-1 vs. no PRE), tank mix (DRA vs. no DRA), and six spray droplet sizes (150, 300, 450, 600, 
750, and 900 μm).  The DRA utilized in the study was IntactTM (Precision Laboratories, 
Waukegan, IL) applied at 0.5 v v-1.  Spray applications were initiated at POST 10-15 cm Palmer 
amaranth using a MudmasterTM multi-purpose sprayer with Pin Point Capstan AgTM Pulse Width 
Modulation (Capstan Ag Systems, Inc. Topeka, KS) at a speed of 14.5 km hr-1 and spray volume 
of 140 L ha-1.  The herbicide program was to the manage the POST 10-15 cm Palmer amaranth 
application date and cotton growth stage.  These POST applications were made during the 
middle portion of the day for maximum achievable efficacy (Montgomery et al., 2017). 
Prior to the experiment, the droplet size spectra was determined for glufosinate with and 
without a DRA at a speed of 14.5 km hr-1.  Spray droplet sizes were characterized at the Pesticide 
Application Technology (PAT) Laboratory in North Platte, NE using using a Sympatec HELOS-
VARIO/KR laser diffraction system with the R7 lens (Sympatec Inc., Clausthal, Germany) 
(Table 4.2).  Only Wilger Industries, Ltd. non-venturi nozzles were used in this research because 
non-venturi nozzles are recommended for use on PWM systems (Capstan Ag, 2013; Butts et al., 
2017).  Also, nozzle designs in this study were all flat-fan, non-venturi, straight flow path nozzles 
to eliminate confounding spray characteristics.  Spray classifications were assigned in 
accordance with ASABE S572.1.4 (ASABE, 2009). 
Ratings included estimated visual Palmer amaranth control and density which were rated 
at 7 and 14 days after application (DAA).  Density of Palmer amaranth was determined by 
establishing a random quarter m2 quadrat at POST 10-15 cm Palmer amaranth and was 
maintained through the duration of the study.  Density was determined by counting the live 
plants within the quadrat.  Trends were similar between years, thus, data were pooled.  
Regression analysis was conducted in R (RStudio, PBC, Boston, MA) using the easynls 
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(Arnhold, 2017) and ggplot2 (Wickham, 2016) packages for data visualization.  For mean 
separation, Fisher’s Protected LSD was utilized at an alpha level of 0.05.   
Results and Discussion 
Because contact herbicides are typically more efficacious utilizing smaller droplet sizes, 
our hypothesis was that the addition of a DRA would increase glufosinate efficacy.  Therefore, to 
ensure greater spray deposition, analysis was conducted on the percentage of driftable fines 
(<105μm).  According to Elsik and Fritz (2015), driftable fines are defined as the percent volume 
of a spray droplet size distribution with a diameter less than 105 microns.  The driftable fines in 
the spray spectra were significantly affected by the interaction between tank-mix and spray 
droplet size (p < .0001; Table 4.3).  The addition of the DRA in the tank with glufosinate 
reduced driftable fines, compared to glufosinate alone, until the spray spectra for each tank mix 
reached a Dv0.5 of 400 (Figure 4.1).  Using predicted values, 150 and 300 micron target droplet 
size driftable fines were reduced by 38% and 25%, respectively, with the addition of the DRA.   
Palmer amaranth density at 7 and 14 DAA were significantly affected by spray droplet 
size (p < .0001; Table 4.3) and (p < .0001; Table 4.3), respectively.  The trend in Palmer 
amaranth density was best described using linear models.  Density of live plants were lesser in 
experimental units receiving POST application with the smallest droplet sizes (Figure 4.2).  
Larger droplet sizes did not provide adequate coverage of glufosinate and did not result in 
Palmer amaranth mortality.  Droplet sizes of 150 μm provided maximum control but the 240 μm 
droplet size provided 90% of the maximum control while also mitigating drift (Table 4.4).  
Although Butts et al., (2018) utilized 187 L ha-1, instead of 140 L-1, these data are similar as both 
report higher mortality rates utilizing smaller droplet sizes at Dundee, MS.  However, herbicide 
program and tank mix did not significantly affect Palmer amaranth density. (Table 4.3).  This 
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may be a result of: 1) the great amounts of Palmer amaranth seed on the soil seed bank and both 
POST applications occurring at early vegetative growth stages, and 2) driftable fines in the spray 
droplet size comprising a small portion of the total spray spectra.  Therefore, these data suggest 
that, regardless of early cotton growth stage and tank-mix, spray coverage is essential for Palmer 
amaranth density reduction.   
Visual Palmer amaranth control was affected at both 7 and 14 DAA by spray droplet size 
(p < .0001; Table 4.3) and (p < .0001; Table 4.3), respectively.  The trend in visual Palmer 
amaranth control was also best described with linear models.  Visual control was greater in 
treatments that received POST application with smaller droplet sizes (Figure 4.3).  Droplet sizes 
of 150 μm provided the greatest control of Palmer amaranth while 230 μm provided 90% of 
maximum control while simultaneously enhancing drift mitigation efforts.  Our results are 
similar to Butts et al. (2018) at Dundee, MS as smaller droplet sizes provided the greatest 
control.  Also, herbicide program did not have an impact on visual control at 7DAA.  However, 
including a PRE herbicide increased visual control by 8% at 14 DAA (Table 4.3).  This may be 
due to cotton size increasing during the trial and providing shade and competition to Palmer 
amaranth. 
Conclusions 
 Our hypothesis was rejected because there was not an interaction between tank mix and 
spray droplet size and timing of the POST applications, by the use of a PRE herbicide was 
insignificant.  Also, adding the DRA, Intact™ (guar gum), to glufosinate reduced driftable fines 
with droplet sizes smaller than 400 μm.  Spray droplet size, alone, played the largest role in 
control of Palmer amaranth using glufosinate.  The greatest visual Palmer amaranth control and 
lesser density were achieved by utilizing smaller droplet sizes can be directly related to increased 
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spray coverage.  These data suggest that control of Palmer amaranth was maximized utilizing 
smaller droplets of 150 μm and 240 μm for 90% of maximum control to enhance drift mitigation 
efforts.  Producers must determine if they can afford to give up 10% efficacy to reduce drift 




Table 4.1 Planting, application dates, and weather data at spray applications in Dundee, MS in 2019 and 2020. 































2019 3-Jun 26-Jun Cotyledon 2.0 30 73 18-Jul Six-leaf 1.7 27 82 









Table 4.2 Nozzle type, orifice size, and application pressure for each tank mix droplet size 
(Dv0.5) treatment. 











Glufosinate ER11002 483 150 149 F 
 SR11006 345 300 306 M 
 MR11006 228 450 445 VC 
 UR11004 255 600 605 EC 
 UR11008 345 750 745 UC 
 UR11010 172 900 899 UC 
Glufosinate + DRA ER11002 483 150 213 F 
 SR11003 517 300 302 M 
 SR11006 290 450 449 VC 
 MR11008 255 600 598 EC 
 UR11004 262 750 758 UC 
 UR11010 310 900 903 UC 
*ASABE S572.1 Droplet Size Classification, F: fine, M: medium, VC: very coarse, EC: 
extremely coarse, UC: ultra coarse
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 ---- % ---- ------------------- # ------------------ --- cm --- ---------- % --------- 
Herbicide Program (HP) - .2239 .7359 .8821 .1867 .6614 .0127 
Tank Mix (TM)  <.0001 .7052 .1304 .3000 .2880 .1196 .2024 
Droplet Size (DS) <.0001 .9113 <.0001 <.0001 .9822 <.0001 <.0001 
HP x TM - .1315 .9328 .9291 .6220 .0528 .4593 
HP x DS - .5569 .8019 .4359 .3282 .0553 .4382 
TM x DS <.0001 .7456 .7699 .7586 .9366 .9265 .6895 
HP x TM x DS - .0118 .9735 .7741 .1415 .2141 .5409 
 
Table 4.4 Density and visual control model predicted droplet sizes to achieve maximum Palmer amaranth control and 90% of 
maximum Palmer amaranth control to enhance drift mitigation efforts pooled over year, herbicide program, and tank 
mix. 














Density 150 F 240 M 
Visual control 150 F 230 F 




Figure 4.1 The model predicted percentage of driftable fines (<105μm) detected in the spray 




Figure 4.2 Palmer amaranth density pooled over year, herbicide program, and tank mix at 
Dundee, MS at 7 and 14 days after POST application.  The red dashed line 
represents the maximum Palmer amaranth control (μm).  The blue dashed line 





Figure 4.3 Visual Palmer amaranth control pooled over year, herbicide program, and tank mix 
at Dundee, MS at 7 and 14 days after POST application.  The red dashed line 
represents the maximum Palmer amaranth control (μm).  The blue dashed line 
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